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Nanoscale Effects of Caspofungin against Two Yeast Species,
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Saccharomyces cerevisiae and Candida albicans are model yeasts for biotechnology and human health, respectively. We used
atomic force microscopy (AFM) to explore the effects of caspofungin, an antifungal drug used in hospitals, on these two species.
Our nanoscale investigation revealed similar, but also different, behaviors of the two yeasts in response to treatment with the
drug. While administration of caspofungin induced deep cell wall remodeling in both yeast species, as evidenced by a dramatic
increase in chitin and decrease in 3-glucan content, changes in cell wall composition were more pronounced with C. albicans
cells. Notably, the increase of chitin was proportional to the increase in the caspofungin dose. In addition, the Young modulus of
the cell was three times lower for C. albicans cells than for S. cerevisiae cells and increased proportionally with the increase of
chitin, suggesting differences in the molecular organization of the cell wall between the two yeast species. Also, at a low dose of
caspofungin (i.e., 0.5X MIC), the cell surface of C. albicans exhibited a morphology that was reminiscent of cells expressing ad-
hesion proteins. Interestingly, this morphology was lost at high doses of the drug (i.e., 4 X MIC). However, the treatment of S.
cerevisiae cells with high doses of caspofungin resulted in impairment of cytokinesis. Altogether, the use of AFM for investigat-
ing the effects of antifungal drugs is relevant in nanomedicine, as it should help in understanding their mechanisms of action on

fungal cells, as well as unraveling unexpected effects on cell division and fungal adhesion.

he yeast cell wall is composed of 50 to 60% {3-glucans (glucose

residues attached by 1,3-B- and 1,6-B-linkages), 40 to 50%
mannoproteins (highly glycosylated polypeptides), and 1 to 3%
chitin (1, 2). It is an essential dynamic structure playing roles in
maintaining cell shape and integrity, sensing the surrounding en-
vironment, and interacting with surfaces and other cells (3). The
cell wall represents 15 to 25% of the cell dry mass, the chemical
composition of which is well established. Saccharomyces cerevisiae,
also called baker’s yeast, is the best-characterized eukaryotic
model for scientific and biomedical research. Although the chem-
ical composition of the yeast cell wall is well known, its molecular
ultrastructure (organization or assembly) has not been extensively
studied at nanoscale (4, 5), although there are a few reports on the
nanomechanical and adhesive properties of the yeast cell wall un-
der native conditions or under stress conditions (6—8). As for Can-
dida albicans, it is by far the most common human-pathogenic
fungal species. It can cause a range of pathogenic effects, including
painful superficial infections, severe surface infections, and life-
threatening bloodstream infections (9). It is a major cause of mor-
bidity and mortality in immunocompromised patients as a result
of AIDS, cancer chemotherapy, or organ transplantation (10).

Given its medical relevance, C. albicans has been the subject of
extensive research to find new antifungal drugs to fight it. To date,
only three classes of antifungal drugs are available for systemic C.
albicans infections: the polyenes (such as amphotericin B), the
azoles (ketoconazole, itraconazole, fluconazole, and voricona-
zole), and flucytosine. Although many of these drugs have ad-
vanced the management of fungal infections, failure rates remain
high (11), and the emergence of resistant fungal strains is a grow-
ing problem (12). In this context, a new class of antifungal drugs,
the echinocandins, was very welcome in the biomedical domain
(13). There are currently three drugs belonging to the class that are
available for clinical use: caspofungin, micafungin, and anidula-
fungin. The echinocandins are large polypeptide molecules that
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inhibit B-1,3-glucan synthase, an enzyme involved in cell wall
synthesis. The disruption of this polysaccharide results in the loss
of cell wall integrity. The activity of echinocandins is generally
opposite to that of the azoles in that they are fungicidal against
yeasts and fungistatic against molds (13). As echinocandins have
been used only recently in the clinic, the mechanism of resistance
to the drugs is still poorly documented, although a few cases of
resistant isolates from patients treated with the antifungal impli-
cating mutations in the FKSI gene encoding 31,3-glucan synthase
(14-17) have been reported.

Whereas the target of echinocandins (i.e., 3-1,3-glucan syn-
thase) is well characterized, the global effects of this antifungal
drug class on the cell wall of yeasts at nanoscale have not been
studied. Such a study is now becoming feasible with the recent
advances in atomic force microscopy (AFM) under liquid condi-
tions. Since its invention in 1986 (18), AFM has proven to be a
powerful tool in biology (19) for evaluating the effects of antimi-
crobial drugs against live bacteria or fungi (20, 21). In this study,
we used AFM under liquid conditions to investigate nanome-
chanical effects caused by caspofungin on S. cerevisiae and C. al-
bicans. Furthermore, we used biochemical methods to determine
the cell wall composition in order to evaluate a potential correla-
tion between these biophysical properties and cell wall modifica-
tions in response to caspofungin for the two yeast species.
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MATERIALS AND METHODS

Yeast growth conditions. S. cerevisiae strain BY4741 (MATa his3A1
leu2A10 met15A0 ura3A0) (22) and C. albicans (from ABC Platform Bugs
Bank, Nancy, France) were stocked at —80°C, revivified on yeast extract-
peptone-dextrose (YPD) agar (Difco; 242720-500g), and grown in yeast
extract-peptone-dextrose broth (Difco; 242820-500g) for 20 h at 30°C
under static conditions. For caspofungin treatment, caspofungin was
added for 20 h before the experiments. Before AFM experiments were
conducted, the yeasts were grown in yeast extract-peptone-dextrose broth
containing caspofungin at a concentration of 0.063 pg/ml (0.5X MIC)
and 0.5 pg/ml (4X MIC) for S. cerevisiae and 0.047 g/ml (0.5X MIC)
and 0.37 pg/ml (4 X MIC) for C. albicans.

MIC determination for caspofungin. The MIC values for caspofun-
gin were determined using commercially available Etest strips containing
a gradient of caspofungin (bioMérieux; 532400). For the diffusion test, a
yeast solution (optical density at 590 nm [OD4q,] = 0.150) was applied to
the yeast extract-peptone-dextrose agar plates. The plates were allowed to
dry for 15 min before the Etest stripes were applied in a radial fashion onto
the agar surface. The MIC was determined after 24 h at 30°C by the inter-
section of the lower part of the elliptical growth inhibition area with the
Etest strip.

We chose to use Etest from bioMérieux, as it gave repeatable results
compared to the EUCAST (23) or CLSI (24) method. It must be noted that
EUCAST does not publish clinical breakpoints for caspofungin for C.
albicans “due to significant interlaboratory variation in MIC ranges for
caspofungin.”

We used yeast extract-peptone-dextrose agar (Difco; 242720-500g)
and incubation at 30°C in order to determine the caspofungin MIC for the
conditions under which we performed the AFM and biochemical experi-
ments of the study. However, we also performed the Etest at 35°C for 24 h,
and we found the same results for both S. cerevisiae and C. albicans as with
incubation at 30°C. The common applications for the caspofungin Etest
would be to use agar containing RPMI 1640, glucose, and MOPS (mor-
pholinepropanesulfonic acid). However, under these conditions in liquid,
the cells of C. albicans behave differently, since they form hyphae. In our
study, we focused on cells with a spherical shape, the one that C. albicans
assumes in bloodstream infections. This is why we performed all the ex-
periments in YPD, and thus, we made the choice to determine the MICs in
YPD also.

Sample preparation for AFM experiments. Yeast cells were concen-
trated by centrifugation, washed two times in acetate buffer (18 mM
CH;COONa, 1 mM CaCl,, I mM MnCl,, pH 5.2), resuspended in acetate
buffer, and immobilized on polydimethylsiloxane (PDMS) stamps pre-
pared as described by Dague et al. (25). Briefly, freshly oxygen-activated
microstructured PDMS stamps were covered with a total of 100 .l of the
solution of cells and allowed to stand for 15 min at room temperature. The
cells were then deposited into the microstructures of the stamp by con-
vective/capillary assembly. For S. cerevisiae cells treated with caspofungin
at 4.0X MIC, polyethylenimine (PEI)-coated glass slides were used to
immobilize the cells, as described previously (26). Briefly, freshly oxygen-
activated glass slides were covered with a 0.2% PEI solution in deionized
water and left for incubation overnight. Then, the glass slides were rinsed
with 20 ml of Milli-Q water and nitrogen dried. A total of 1 ml of the yeast
suspension was then applied to the PEI-coated glass slide, allowed to stand
for 1 h, and rinsed with acetate buffer. Images were recorded in acetate
buffer in quantitative-imaging mode (27, 28) with MLCT AUWH canti-
levers (nominal spring constants, 0.01, 0.1, and 0.5 N/m). For imaging,
cantilevers with a spring constant of 0.01 N/m were used. For force spec-
troscopy experiments, cantilevers with spring constants of 0.1 and 0.5
N/m were used. The applied force was kept at 0.5 nN for both imaging and
force spectroscopy. For imaging and force spectroscopy, we used an AFM
Nanowizard III (JPK Instruments, Berlin, Germany). The cantilevers’
spring constants were determined by the thermal-noise method (29). For
elasticity measurements, force maps of 32-by-32 force curves were re-
corded on a small area on top of the cells. The force-distance curves re-
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corded were transformed into force-indentation curves by subtracting the
cantilever deflection on a solid surface. The indentation curves were then
fitted to the Hertz model, which links force (F) as a function of the Young
modulus (E) and the square of the indentation () for a conical indenter
according to the following equation: F = [2E tana/m(1 — v*)]8%, where a
is the tip opening angle (17.5°) and v is the Poisson ratio, assumed to be
0.5.

Isolation of cell walls for acid hydrolysis and chitinase assays. Cells
from three independent cultures were collected at the exponential phase,
harvested by centrifugation (5 min; 4,500 X g; 4°C), and washed two times
with sterilized water. The pellet was resuspended in 0.5 ml of cold water
and transferred to lysing matrix tubes (MPBio; 6960-500) containing
0.5-mm glass beads. The cells were disrupted by 8 cycles of 20 s at 6.5 m/s
using a Fastprep system (Mp Biomedicals). Cell walls were isolated by
centrifugation and extensive washing, as described by Francois (2), and
then lyophilized.

Determination of cell wall polysaccharides by acid hydrolysis and
quantification by HPAEC-pulsed amperometric detection. Sulfuric acid
hydrolysis of the cell wall and quantification of glucosamine, glucose, and
mannose residues released after chitin, 3-glucan, and mannan hydrolysis
were determined as described by Dallies et al. (30) with modifications
according to the method of Francois (2). High-performance anionic chro-
matography (HPAEC) was carried out on an ICS 5000 system (Thermo-
fisher Scientific, Courtaboeuf, France). Separation and quantification of
the released monosaccharides were performed on a CarboPac PA10 ana-
Iytical column (250 by 4 mm), with a CarboPac PA10 guard column, by
isocratic elution of 18 mM NaOH at 25°C and a flow rate of 1 ml/min.
Detection was performed on a pulsed amperometric system equipped
with a gold electrode.

Chitin determination. A solution of 200 pl of 50 mM potassium ac-
etate, pH 5.0, was added to purify cell walls (10 mg dry mass). After
incubation at 65°C for 5 min, 1 U of chitinase from Streptomyces griseus
(Sigma-Aldrich; C6137) was added. The enzymatic mixture was then in-
cubated for 16 h at 37°C. Chitin levels from yeast cell walls were deter-
mined by the colorimetric method, as described by Reissig et al. (31) and
adapted for the micromethod (a method performed in a microtiter plate,
i.e., 96-well plate), using N-acetylglucosamine (Sigma-Aldrich; A8625) as
a standard. A volume of 125 pl of the enzymatic mixture was heated with
25 pl of 0.8 M potassium tetraborate, pH 9.0 (Sigma-Aldrich; P1463), at
100°C for 8 min. After cooling at room temperature, 750 pl of Reissig
reagent diluted 10 times was added, and tubes were incubated for 40 min
at 37°C. The absorbance was read at 585 nm.

RESULTS

Caspofungin affects the morphology and cell division of S.
cerevisiae. Our innovative method of cell trapping and immobi-
lization in microstructured PDMS stamps (25) allowed us to im-
age yeast cells and obtain morphological and mechanical proper-
ties at nanoscale (Fig. laandb). For each condition, five cells from
three independent cultures were analyzed. The MIC determined
with the Etest was 0.125 g - ml~'. As shown in Fig. 1c, native cells
of S. cerevisiae are roughly ovoid, with a mean diameter of 4.5 +
0.2 pm (Fig. 1e). Upon treatment for 16 h with caspofungin at
0.5X MIC, the cells keep their round shape (Fig. 1b and d), and
their mean size is decreased by about 25% * 2.5% (Fig. 1f). A
small dose of caspofungin, therefore, reduces the size of cells, ap-
parently without any other modifications. When yeast cells were
treated for 16 h with a high dose of caspofungin (4 X MIC), the S.
cerevisiae cells were no longer spherical but elongated, resembling
Schizosaccharomyces pombe cells. The cross section taken along the
line in Fig. 2b indicated a length of about 2.3 pm (Fig. 2f), which
is 50% shorter than the untreated cells. However, two cells that
remained connected are distinctly seen in Fig. 2d; they present a
surprising feature on their surfaces, at the center of each one.
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FIG 1 Images of S. cerevisiae cells (strain BY4147) trapped in microstructured PDMS stamps. (a and b) Optical images of live native cells (a) and of cells treated
with caspofungin at 0.5X MIC (0.063 pg/ml) (b). (c and d) AFM height images of a native cell (c) and of a cell treated with caspofungin at 0.5X MIC (0.063

prg/ml) (d). (e and f) Cross sections taken along the lines on the height images.

When we took a closer look at this feature (Fig. 2e and g), we could
visualize two rings that were 15 nm high and that were separated
by a groove of approximately 200 nm. These results suggest that
the morphology and cell division process of S. cerevisiae are altered
at high doses of caspofungin. How can we explain such an effect?

It is known that caspofungin is an inhibitor of B-1,3-glucan
synthase (13). Thus, cells treated with this antifungal drug should
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present a reduced percentage of the cell wall polysaccharide. Ac-
cordingly, we found a reduction in the B-glucan content, from
54% of cell dry mass in untreated S. cerevisiae cells to 49 and 45%
in cells treated with caspofungin concentrations of 0.5X and 4X
MIC, respectively (Table 1). The reduction of glucans was com-
pensated for by an increase of mannans, from 45% of dry mass in
untreated cells to 50 and 53% in cells treated at 0.5X and 4 X MIC,
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FIG 2 Images of S. cerevisiae (strain BY4741) cells treated with caspofungin at 4X MIC (0.5 pg/ml). (a) Optical image of living cells immobilized on a PEI-coated
glass slide. (b) AFM height image (z range = 1.2 pm) of two cells. (c) Vertical-deflection image corresponding to the height image in panel b. (d) AFM height
image of a single cell (zrange = 1.2 wm). (e) Height image of the boxed area in panel d (z range = 20 nm). (fand g) Cross-sections taken along the lines in panels

b (f) and e (g).

respectively (Table 1). This cell wall remodeling in response to
caspofungin treatment was also accompanied by changes in chi-
tin. However, only at high doses of caspofungin (4 X MIC) was an
increase in chitin content found, from 5% in untreated cells or
cells treated with 0.5X MIC of caspofungin to 14% of cell wall
mass with a caspofungin dose of 4X MIC (Table 1). These results

are in agreement with previous works of Juchimiuk et al. (32), who
showed that S. cerevisiae cells treated with 3.0 wg/ml caspofungin
had their contents of 3-1,3-glucans reduced by 50% and their
chitin contents increased by 3- to 5-fold. These data are in agree-
ment with the general view that the response of S. cerevisiae cells to
cell wall stress results in a deep reorganization of the cell wall as a

TABLE 1 Biochemical analysis of glucans and mannans of the cell wall of yeasts by acid hydrolysis and of chitin by the Reissig method”

Content (% dry mass = SD) in cells treated with caspofungin at:

S. cerevisiae C. albicans
Component 0X MIC 0.5X MIC 4X MIC 0X MIC 0.5X MIC 4X MIC
Glucans 54.1 £ 49 48.5 = 6.5 45.0 = 7.6 52.0 = 3.2 48.5 = 5.5 30.9 = 8.6
Mannans 453 +29 50.4 £ 6.2 53.7 7.1 46.5 = 3.3 442 = 3.0 593 £ 7.5
Chitin 4.8 £0.2 5.1 £0.8 13.8 = 5.2 6.6 + 2.6 12.8 £ 4.1 179 =53

“ For each species and set of conditions, cells from 3 independent cultures were analyzed.
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FIG 3 Mapping of S. cerevisiae (strain BY4741) cell surface elasticity. (a to c) Elasticity maps (z range = 1.5 MPa) of a native cell (a), of a cell treated with
caspofungin at 0.5X MIC (0.063 pg/ml) (b), and of a cell treated with caspofungin at 4X MIC (0.5 pg/ml) (c). (d, e, and f) Local elasticity maps (z range = 1.5
MPa) recorded on a 1-pm area (white dashed squares) on the tops of cells in panels a to ¢, respectively. (g, h, and i) Distributions of Young modulus values (n =

1,024) corresponding to the local elasticity maps in panels d to f, respectively.

means to rescue cell wall integrity (33) and, in the case of antifun-
gal stress, in the overproduction of mannans and reduction of
B-glucans.

Nanomechanical properties of S. cerevisiae. In view of the
role of the cell wall in conferring rigidity and protection on the
yeast cell, we next addressed the pertinent question of whether
the observed changes in cell morphology and chitin content were
correlated with modifications in cell wall mechanical properties.
To this end, S. cerevisiae cells exposed to two different concentra-
tions of caspofungin were probed using nanoindentation mea-
surements. The results of this experiment are shown in Fig. 3. The
images of the cells recorded in quantitative-imaging mode (27, 28)
allow analysis of all the force curves recorded in a single image
(n = 65,536). By applying a mask, thanks to the analysis software
(OpenFovea [34, 35]), only the force curves corresponding to the
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cells are extracted, leading to the elasticity maps presented in Fig.
3a, b, and c. In all the elasticity maps presented in this study, each
pixel corresponds to a force curve that has been converted into an
indentation curve and fitted with a Hertz model, from which a
Young modulus (YM) value was extracted. The redder the pixel,
the higher the YM value. These elasticity maps showed artifacts
due to the spherical shape of the cells; the edges of the cells seem to
have decreased YM values compared to the centers of the cells.
However, these elasticity maps give a global view of the elasticity of
the whole cells, with untreated cells that appear to be softer than
caspofungin-treated cells. These observations were confirmed by
local nanoindentation measurements performed on a 1-pwm? area
on the surface of each cell (Fig. 3d, e, and f). These areas on the
tops of the cells are flatter, so the YM artifacts are avoided. Un-
treated cells had a YM value of 529 = 265 kPa (Fig. 3g), whereas
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FIG 4 Imaging of C. albicans cells trapped in microstructured PDMS stamps. (a to ¢) AFM height images of a native cell (a), of a cell treated with caspofungin
at 0.5X MIC (0.047 pg/ml) (b), and of a cell treated with caspofungin at 4X MIC (0.376 pg/ml) (c). (d, e, and f) Cross sections taken along the lines on the images
in panels a to ¢, respectively. (g, h, and i) adhesion images corresponding to the height images in panels a to ¢, respectively.

cells treated with caspofungin at 0.5X MIC and 4X MIC (Fig. 3h
and i) had YM values that increased to 1,264 = 567 and to 1,125 =
468 kPa, respectively.

Effects of caspofungin treatment on C. albicans. Using the
Etest assay, we determined a MIC of about 0.094 g - ml™". The
doses that were used in this study (0.5X MIC and 4 X MIC) were
therefore lower than the one reported to induce paradoxical
growth effects (36). Caspofungin treatment does not cause mor-
phology modification in C. albicans; the cells are spherical, with a
mean diameter of 4.1 £ 0.2 wm, as shown in Fig. 4a, b, and c.
However, caspofungin treatment induced other modifications of
the surfaces of C. albicans cells. The results presented in Fig. 4g, h,
and iare adhesion images of the cells. Native cells are not adhesive,
whereas cells treated with caspofungin at 0.5X MIC present adhe-
sions homogeneously distributed over the surface of the cell, as
indicated in the adhesion map presented Fig. 4h. However, cells
treated with caspofungin at 4 X MIC do not show adhesion at all,
like native cells.
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Probing the cell surface of C. albicans using nanoindentation
measurements (Fig. 5), we unexpectedly found a YM value for the
untreated C. albicans cells of 186 = 89 kPa, which is three times
lower than that of S. cerevisiae cells. Taking into account that the
proportions of mannans, 3-glucans, and chitin in the cell wall are
very similar for the two yeast species (1, 37), a likely explanation
for the difference in YM values may reside in a difference in the
molecular architectures of the cell wall between the two yeast spe-
cies, notably in cross-linking between the components. Treatment
of C. albicans cells with caspofungin at 0.5X MIC or 4X MIC for
16 h resulted in an increase of the YM value to 399 * 147 kPa and
1,326 = 340 kPa, respectively (Fig. 5h and i). Quite remarkably,
this increase in YM values was correlated with the increase in the
chitin level in C. albicans cells upon treatment with caspofungin
(Fig. 6b and Table 1). In addition, the rise of chitin in the walls of
C. albicans cells treated with caspofungin was accompanied by a
decrease in B-glucans and an increase of mannans, as already no-
ticed for S. cerevisiae cells, but the effects of caspofungin were
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FIG 5 Mapping of C. albicans cell surface elasticity. (a to c) Elasticity maps (zrange = 0.5 MPa) of a native cell (a), of a cell treated with caspofungin at 0.5X MIC
(0.047 pg/ml) (b), and of a cell treated with caspofungin at 4 X MIC (0.376 pwg/ml) (c). (d, e, and f) Local elasticity maps (z range = 0.5 MPa) recorded ona 1-pm
area (white dashed squares) on the tops of the cells in panels a to ¢, respectively. (g, h, and i) Distributions of Young modulus values (n = 1,024) corresponding

to the local elasticity maps in panels d to f, respectively.

apparently more prominent. Notably, untreated cells displayed a
B-glucan content of 52% of the cell wall mass. This proportion
was reduced to 49% upon treatment with 0.5X MIC and to 31%
when the cells were treated with 4X MIC of caspofungin. As for
mannans, the proportion in untreated cells was close to 46% and
increased to 59% when the cells were cultivated in the presence of
a dose of 4X MIC of caspofungin.

DISCUSSION

We used AFM to investigate the effects of caspofungin on the
morphology and nanomechanical properties of two yeast species,
S. cerevisiae and C. albicans. With respect to S. cerevisiae, our re-
sults indicated that caspofungin at high doses alters the cell divi-
sion process by perturbing cytokinesis. These modifications were
observed along with a diminution of the 3-1,3-glucan content and
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an increase in the chitin content. Studies by Cabib and coworkers
have shown the importance of chitin and 3-1,3-glucans during the
cell division of yeasts (38—40). Their work focused on the remod-
eling of the cell wall during cell division, and particularly on the
neck at the mother-bud interface. This crucial region is the site
where cytokinesis and septation take place (41). Cabib et al.
showed that control of growth at the neck is exerted by a septin
ring and a chitin ring present at the location. A defect in either one
of the rings leads to only minor morphological abnormalities.
However, when both are faulty, control of growth is lost, the neck
widens, and cytokinesis does not take place (38). They also showed
that the chitin ring at the neck is specifically bound to 3-1,3-
glucans (42) and that this linkage is necessary for the control of
growth at the mother-daughter neck. As indicated in Fig. 2, the
apparent impairment in cytokinesis in yeast treated with a high
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FIG 6 Quantitative analysis of chitin compositions of the yeast cell wall, cor-
related with Young modulus values. The histograms show Young modulus
values (black bars) and chitin (gray bars) for S. cerevisiae (strain BY4741) (a)
and for C. albicans (b) under different caspofungin conditions. The analyses
for Young modulus values were performed on five cells from 3 independent
cultures.

dose of caspofungin might be due to excess chitin that is present at
the bud neck and that is not linked to 3-1,3-glucans, as the content
of the latter is reduced.

While the increase in the YM value of the cell wall of S. cerevi-
siae could be correlated with the increase in chitin induced at a
high dose of caspofungin, this was not the case for alower dose of
caspofungin, for which the YM value was already the same as at the
higher dose of the antifungal drug. These results suggest that the
force measurements performed with atomic force microscopy are
not solely linked to changes in the cell wall composition but may
unravel deep reorganization of the cell wall architecture without
significant change in its cell wall components (43). A recent study
conducted by our team (43) focused on S. cerevisiae mutants de-
fective in, among other things, B-glucan elongation (gasIA), chi-
tin synthesis (chs3A), and cross-linkages between chitin and
B-glucans (chrichr2A). This AFM study showed that cell wall elas-
ticity was mainly dependent on the architecture and molecular
composition of the cell wall. Moreover, chitin was identified as
playing an important role in the nanomechanical properties of the
cell wall. Our results are therefore in line with this previous study,
and the amount of chitin in the cell wall could be directly corre-
lated with the increase in the YM values. The difference in the
nanomechanical properties of the two yeast species suggests a dif-
ference in the molecular architectures of their cell walls, even
though the cell wall compositions were seemingly comparable.
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With respect to C. albicans cells, global morphology and cell
division do not appear to be affected, even at high doses of caspo-
fungin. The modifications induced by the treatment concern the
adhesive properties of the cells. As we saw, cells treated with a low
dose of caspofungin present adhesions on their surfaces. C. albi-
cans cells display adhesion proteins on their surfaces when culti-
vated under particular conditions (44). A key adhesin family iden-
tified is the Als (for agglutinin-like sequence) family (45, 46),
which includes eight large cell surface glycoproteins. Als proteins
play major roles in the processes of infection and colonization of
the host. Since their discovery, many studies have been dedicated
to understanding their functions and localization on the surfaces
of cells. A recent study by Alsteens et al. (47) has characterized the
localization of Als5 at the surface of mutant strains of S. cerevisiae
using atomic force microcopy; in 2012, Beaussart et al. (48) char-
acterized the localization of Als3 on the surfaces of C. albicans cells
during morphogenesis. Their work provides confirmation that
Als proteins can be mapped at the surfaces of living cells. Among
these proteins is Alslp, which is involved in different processes,
such as adherence to endothelial cells, flocculation, and filamen-
tation (49). Gregori et al. (50) showed that Alsl is a critical factor
required for caspofungin-induced flocculation. The authors show
that cells treated by caspofungin present levels of ALS] mRNA that
are strongly upregulated. Following these sets of data, we could
hypothesize that the adhesion shown in Fig. 3h is due to expres-
sion of Alsl. However, at high doses, the expression of the gene
could be inhibited, leading us to think that the expression of Als1
under antifungal stress is a complex dynamic process that needs
further study. Perhaps, at high doses of caspofungin, either the
cells are dying or the transcriptional and translational machinery
at this level of drug is strongly impaired, so that synthesis of new
components at the cell wall, such as adhesion proteins, is inhib-
ited. This hypothesis awaits further work, for instance, by measur-
ing the expression of genes encoding some of these adhesion pro-
teins in C. albicans cells challenged at different concentrations of
caspofungin. These results were recorded on living cells of wild-
type C. albicans, which gives us an insight into the physiological
localization of the protein. Further work must be done to probe
these adhesions with functionalized AFM tips under different
conditions of growth and stress.
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